The fractal dimension and the surface roughness of the fracture surface was estimated using the height data generated by the stereo matching method on Charpy V-notch specimens of the SS400 steel impactfractured in the temperature range from 194 K (Ϫ79°C) to 273 K (0°C). The representative fracture surfaces were quasi-cleavage fracture surface with river patterns and steps between facets at 194 K and ductile fracture surface with dimples and shear steps at 273 K. On the region close to the notch root (fracture initiation site), a definite correlation was not found between the absorbed energy and the fractal dimension of the fracture surface, but both absorbed energy and surface roughness increased with temperature because of increased proportion of ductile fracture surface with the larger surface roughness. There was essentially no difference in the fractal dimension between quasi-cleavage fracture surface and ductile fracture surface. Fracture process including fracture initiation, local crack growth or finally fractured part could be examined by the detection of characteristic fracture patterns using the fractal dimension map (FDM) and the surface roughness map (SRM). Detected steps of various sizes were associated with river patterns or fracture at ferrite grain boundaries on the quasi-cleavage fracture surface, and were associated with dimple walls or shear steps on the ductile fracture surface. Steps on both fracture surfaces were formed by common mechanism, namely, by plastic deformation (shear deformation). The density of steps was larger on the quasi-cleavage fracture surface than on the ductile fracture surface. These steps led to a large fractal dimension of the quasi-cleavage fracture surface comparable with the ductile fracture surface with dimples.
Introduction
Mandelbrot et al. 1) first described the impact fracture surfaces in steels by the fractal dimension and revealed that the absorbed energy decreased with increasing fractal dimension of the fracture surface. Pande et al.
2) also reported the negative relationship between the dynamic tear energy and the fractal dimension of the fracture surface in Ti alloys. Lung and Zhang 3) discussed theoretically the negative correlation between the toughness of materials and the fractal dimension of the fracture surface. However, A. Gokhale et al. 4) reported that at the fracture initiation the absorbed energy increased with increasing fractal dimension of the fracture surface profile and with increasing surface roughness in the impact fractured specimens of the AISI4340 steel. They described that the fractal dimension of the fracture surface profile decreased with crack growth. H. Su et al. 5) also found the positive relationship between the impact toughness and the fractal dimension of the fracture surface in the high-strength low-alloy (HSLA) steels. Similar results have been reported by other investigators in a wide range of metals and alloy. 6) Thus, there is a controversy in the relationship between the absorbed energy and the fractal dimension of the fracture surface. This inconsistency may be ascribed not only to the properties and fracture mechanisms of materials, 6, 7) but also to the precision of the fractal analysis. 6, [8] [9] [10] For example, the fractal analysis by the slitisland method needs a proper selection of the analytical conditions such as the length scale of the fractal analysis and the measurement of the area and perimeter of islands. 10, 11) The above results of toughness-fractal dimension relationship in impact fracture are based on the two-dimensional method, and there is no report on the relationship between the absorbed energy and the fractal dimension of the three-dimensional impact fracture surface. The scanning probe microscopes (SPM) such as the scanning tunneling microscope (STM) and the atomic force microscope (AFM) have recently been introduced to the fractal analysis of three-dimensional surface morphology. 6, 9, 12, 13) However, these microscopes are not always applicable to complex fracture surfaces of metals and alloys. Computer-aided stereo matching method has been successfully applied to the reconstruction and analysis of three-dimensional images of fracture surfaces in materials. [14] [15] [16] [17] [18] Tanaka et al. 19) have recently applied the image reconstruction and the fractal analysis of the three-dimensional fracture surface to the quantitative evaluation of the fatigue fracture surfaces in metallic materials and the impact fracture surfaces in ceramics.
Characteristic patterns like river lines in brittle fracture or striations in fatigue detected by fractography using a scanning electron microscope give important information for the fracture mechanism or the fracture process in materials, 20) but these characteristic patterns are not always observed on the fracture surfaces. Therefore, more sophisticated fractography is necessary for the geometrical analysis of fracture surfaces for the case study of fracture analysis in actual structures and components. 21) The fractal dimension describes the complexity of surfaces and is scale-independent in a given scale length range, while the surface roughness represents the averaged height variation on a given surface and depends on the scale of measurement. 22) Thus, these two shape parameters are very different in nature. Characteristic fracture patterns which are associated with the local fracture mechanisms, the crack growth direction or the fracture origin on a given fracture surface, may be detected by displaying and comparing the local values of the fractal dimension of the fracture surface with those of the surface roughness in the form of two-dimensional images, namely, the fractal dimension map (FDM) and the surface roughness map (SRM). 23, 24) In this study, the three-dimensional geometrical analysis was applied to the quantitative evaluation of impact fracture surfaces in order to examine the relationship between the absorbed energy and the shape parameters such as the fractal dimension and the surface roughness of the fracture surface. Charpy impact tests were carried out using conventional V-notch specimens of the commercial SS400 steel in the temperature range from 194 K (Ϫ79°C) to 273 K (0°C). The stereo matching method developed by Kimura et al. 18) were applied to the reconstruction of the three-dimensional fracture surfaces in the impact-fractured specimens. The fractal dimension and the surface roughness of the fracture surface were estimated using the height data obtained by the stereo matching method. Discussion was made on the relationship between the absorbed energy and the fractal dimension and the surface roughness of the fracture surface with special attention to the fracture initiation site on the fracture surface. Characteristic fracture patterns were also detected by geometrical analysis using FDM and SRM on the impact fracture surfaces formed by different fracture mechanisms. 23, 24) Fracture processes in the representative fracture surfaces were experimentally discussed on the basis of the analysis of local fracture patterns.
Analyzed Fracture Surfaces
Charpy impact tests were carried out using the standard notched specimens of the commercial structural steel SS400 (the grain size is about 25 mm) in the temperature range from 194 K (Ϫ79°C) to 273 K (0°C). Stereo pairs (the basic image and the tilted image (tilted by 10 deg.))
were taken using a scanning electron microscope on the impact fracture surfaces of these specimens at magnifications from about 30 to 10 000 times. The stereo pairs were then taken into a personal computer and were converted to bitmap files. The three-dimensional image reconstruction of the fracture surface was made using the stereo pairs by the stereo matching method, which had been developed in the previous study.
18 ) The height data of the fracture surface were obtained by the three-dimensional image reconstruction, and were also displayed as a height image (elevation map) of the color number of 256 grey scale levels (0 to 255).
Analytical Method

Estimation of Fractal Dimension and Surface
Roughness The fractal dimension of the three-dimensional fracture surface was estimated using the height data by a computer program of the box-counting method, which had been developed in the previous study.
25 ) The number of boxes, N, covering the fracture surface can be correlated to the box size, r, through the fractal dimension, D, in the three-dimensional space by the following power law relationship:
The fractal dimension (D) can be obtained from Eq. (1) by the regression analysis using the datum sets of N and r. The height images generated by the stereo matching method were used for the actual calculation of the fractal dimension of the three-dimensional fracture surface in the SS400 steel. The box size in the fractal analysis was in the range from two pixels to the size of the analysed area (720 pixels) in this study.
The fractal dimension describes the complexity of shapes and shows a scale-independence in a given length scale range, while the surface roughness represents the variation of height on a given surface and depends on the scale of the measurement. 22) Thus, these two shape parameters are very different in nature. In this study, the surface roughness was also estimated on the fracture surfaces of the SS400 steel. The surface roughness (rms) on the three-dimensional fracture surface is defined by the standard deviation of the height in an analysed area of nϫn in pixel, such that 23, 24) :
where z(x, y) is the height of the point P(x, y) and ZЈϭ∑ 1 corresponds to about 10 to 15 % of a given fracture surface. The fractal dimension of the fracture surface was also examined in the central part of the fracture surface using the height data of three-dimensional fracture surface obtained at various magnifications.
Fractal Dimension and Surface Roughness Maps
Computer programs of the fractal dimension map (FDM) by the box-counting method and the surface roughness map (SRM) were used for investigation of the micro fracture patterns on the fracture surface. 23, 24) Figure 2 shows the procedure of the calculation and mapping of fractal dimension and surface roughness in an image. The local values of these shape parameters were calculated by Eqs. (1) and (2) using the height data. The calculated area was moved in both x-and y-directions by k pixels in mapping process. The results of the calculation were finally displayed in color number (256 grey scale levels) in the central part of kϫk in pixel. Therefore, the brighter area in FDM and SRM corresponds to the part of the larger value of the fractal dimension or the surface roughness. The length scale (r) for mapping the fractal dimension was in the range from 2 pixels to the size of the calculated area (m pixels). The imaging condition of maps is chosen 24ϫ24 in pixel for the calculated area and 8ϫ8 in pixel for the displayed area in this study, because this condition is suitable for the detection of characteristic patterns on the fracture surface. Figure 3 shows the temperature dependence of absorbed energy and typical impact-fracture surfaces in the SS400 steel. As known from Fig. 3(a) , the ductile to brittle transition temperature is about 230 K in this steel. Figures 3(b) and 3(c) are the fracture appearances in the central part of the fracture surface. The specimen impact-fractured at 194 K exhibits a quasi-cleavage fracture surface with river patterns and steps ( Fig. 3(b) ), while the fracture surface formed at 273 K shows a ductile fracture surface with dimples ( Fig. 3(c) ). River patterns and dimple walls are classified into "steps" in this study. However, when the morphological features of these patterns are evident, the words like "river patterns" or "dimple walls" are used for explanation. Facets of about 20 to 30 mm, which are associated with ferrite grains (the grain size is 25 mm), are visible on the quasi-cleavage fracture surface ( Fig. 3(b) ), and steps are formed between these facets by shear deformation. These shear steps as well as river patterns are classified into "steps" and are analyzed in this study. The specimens fractured at temperatures between 194 K and 273 K exhibited a mixed mode of quasi-cleavage fracture and ductile fracture. In this temperature range, the ductile fracture region seemed to be formed by shear to link the quasi-cleavage facets, which lie normal to the maximum tensile stress. The proportion of the ductile fracture surface increases as the test temperature increases. Figure 4 shows the fractal dimension of the fracture surface and the surface roughness estimated on each region of a fracture surface in the representative impact-fractured specimens of the SS400 steel. Specimen fracture seems to initiate at the notch root or the location close to the notch root. In the specimen fractured at 194 K (quasi-cleavage fracture surface), the fractal dimension of the fracture surface slightly increases with increasing distance from the notch root (Fig. 4(a) ), while the surface roughness decreases as the distance from the notch root increases (Fig.  4(b) ). However, there is no consistent tendency in the variation of the fractal dimension (Fig. 4(a) ) or that of the surface roughness (Fig. 4(b) ) with distance from the notch root in the specimen fractured at 273 K (ductile fracture surface with dimples). Similar tendency were observed in the specimens fractured at the temperatures between 194 K and 273 K. These results are different from those obtained by Gokhale et al. 4) It is interesting to note that in the SS400 steel the fractal dimension of the quasi-cleavage fracture surface is almost the same as that of the ductile fracture surface with dimples. This will be discussed in the Sec. 4.3.
Results and Discussion
Absorbed Energy and Fracture Appearance
Relationship between Absorbed Energy Fractal
Dimension and Surface Roughness Gokhale et al. 4) reported that in AISI4140 steel both the fractal dimension and the surface roughness have the maximum values at the fracture initiation site and decrease with the crack growth. Tanaka et al. 26, 27) also found that the fractal dimension of the fracture surface profile, which was associated with grain-boundary microcracks linked to the fracture surface, decreased with the crack growth in the creep fracture of the 21Cr-4Ni-9Mn steel. However, the region of the maximum fractal dimension is neither necessarily close to the notch root nor always have the maximum value of the surface roughness in the SS400 steel (Fig. 4) . Therefore, it is assumed in this study that the fracture initiation site is close to the notch root, which shows the larger fractal dimension. The relationship between the fractal dimension of the fracture surface, the surface roughness and the absorbed energy was examined on this region. Figure 5 shows the relationship between the absorbed energy and the fractal dimension and surface roughness of the fracture surface close to the crack initiation site in the SS400 steel. The absorbed energy abruptly decreases with a slight increase of the fractal dimension of the fracture surface ( Fig. 5(a) ), while the absorbed energy increases with increasing surface roughness of the fracture surface ( Fig.  5(b) ). The fractal dimension dependence of absorbed energy seems to coincide with the result obtained by Mandelbrot et al. 1) However, this negative relationship is dubious, because the range of variation in the fractal dimension with temperature is only about 0.05 and is too small to identify any functional dependence of the absorbed energy on the fractal dimension of the fracture surface in this study. According to Matsuoka et al., 12, 13) the cleavage fracture surfaces of Cr and Mo has much smaller fractal dimension (about 2.05 in three-dimensional space) than the part of crack linkage in Cr (about 2.16 in three-dimensional space) and a quasi-cleavage fracture surface (about 2.17 to 2.22) in the SS400 steel. Li et al. 28) also reported that in pure iron and Cr-Ni steel the fractal dimension of the quasi-cleavage fracture surface is a little larger than that of the transgranular cleavage fracture surface. The temperature dependence of the fractal dimension of the fracture surface may depend on materials and fracture mechanisms. Both surface roughness and absorbed energy increase with increasing test temperature, namely, with the change in the fracture mode from quasi-cleavage fracture to ductile fracture, because the proportion of ductile fracture surface increases with increasing test temperature. Extensive plastic deformation in ductile fracture leads to the formation of dimples and shear steps which result in the larger surface roughness and the larger absorbed energy compared with quasi-cleavage fracture. Figure 6 shows the magnification dependence of the fractal dimension of the fracture surface in the SS400 steel. The fractal dimension was estimated in the central region of the fracture surface. The fractal dimension of the quasicleavage fracture surface formed at 194 K and that of the ductile fracture surface formed at 273 K are much the same (about 2.20) and are almost independent of magnifications of images. Thus, both types of fracture surfaces cannot be distinguished solely by the value of the fractal dimension in the SS400 steel.
As reported by Gokhale et al., 4) if the fractal dimension of the brittle fracture surface formed at the lower temperature is much smaller than that of the ductile fracture surface produced at the higher temperature, a positive correlation is expected between the absorbed energy and the fractal dimension of the fracture surface. The fractal dimension of the brittle fracture surface may change largely with spatial distribution of steps, which are associated with shear steps between facets and river patterns. 12, 13) As a result, a definite correlation was not found between the absorbed energy and the fractal dimension of the fracture surface in the SS400 steel in this study, while the absorbed energy may increase [1] [2] [3] or may decrease [4] [5] [6] with increasing fractal dimension of the fracture surface, depending on materials.
In ductile fracture of materials, deep dimples may be formed on the fracture surface, if micro voids nucleated at hard second-phase particles grow enough to contact with each other. However, the growth of micro voids is often interrupted by shear fracture processes such as the nucleation, growth and coalescence of micro voids in much smaller scale or the internal necking of the material, which may result in formation of shallow dimples. In these cases, shear steps or slip traces as well as dimples may be detected by the three-dimensional geometrical analysis of fracture surfaces, which gives important information about fracture of materials. Ishikawa 29) examined the size distribution of dimples in ductile fracture surfaces of steels and found that the value of the fractal dimension is about 1.5 and close to that of the Sierpinski gasket (about 1.585). Tanaka et al. 30) also found a similar value of the fractal dimension (about 1.5) for the dimple walls in ductile fracture surfaces (creep fracture surfaces) of pure Zn. However, Dauskardt et al. 7) reported much smaller value of the fractal dimension (1.18) on ductile fracture surfaces of the 31 wt% Mn steels with dimples. Further, Tanaka et al. 19) found that the fractal dimension of ductile fracture surfaces (creep fracture surfaces of pure Zn) is about 2.19, suggesting that the fractal dimension of the fracture surface profile is about 1.19. These results can be correlated with that shear steps or slip traces are also involved in the length scale range of the fractal analysis on the ductile fracture surface with dimples. As will be shown later, the fractal dimension of steps is assumed to be equal to or smaller than 2.10 in this study. The fractal dimension of slip trace (slip step) is 1.06 in the profile of ductile fracture surface of the 31 wt% Mn steel. 7) Therefore, the involvement of these steps and slip traces in the fractal analysis may give the lower value of the fractal dimension of the ductile fracture surface with dimples.
Thus, it was found that the fractal dimension of the fracture surface is not a unique index for characterizing the fracture surface patterns in the SS400 steel. It is necessary to use both shape parameters, namely, the fractal dimension and the surface roughness, in order to characterize the microstructural features of the fracture surfaces in this steel.
Analysis of Fracture Process in Representative
Fracture Surfaces
Analysis of Fracture Process at Low Magnification
Characteristic patterns such as river patterns in brittle fracture or striations in fatigue give important information about the fracture mechanism or the fracture process in materials, 20) but these characteristic patterns are not always seen in the fracture surfaces. Tanaka et al. 23, 24) proposed a geometrical analysis using the fractal dimension map (FDM) and the surface roughness map (SRM) for the detection of characteristic patterns on the fracture surfaces of materials. The following characteristic properties were found in the analysis using FDM and SRM. 1) A region of relatively complex geometry exhibits bright contrast in FDM but not always bright contrast in SRM. 2) Relatively flat region such as a brittle fracture surface shows a dark contrast in both FDM and SRM. 3) Steeply inclined part like steps exhibits dark contrast in FDM and bright contrast in SRM. These properties are non-overlapping in nature. Therefore, it is possible to detect the hidden patterns on the fracture surface by the geometrical analysis using FDM and SRM. The analysis of fracture process was made on the quasicleavage fracture surface (194 K) and the ductile fracture surface with dimples (273 K), especially for the detection of characteristic patterns such as steps in this study. Figure 7 shows the impact fracture surface (quasi-cleavage fracture surface) close to the notch, in which the larger value of the fractal dimension of the fracture surface was observed in the specimen impact-fractured at 194 K. A flat region can be seen in the upper part of the fracture surface in Fig. 7(a) , and the height of this region is relatively low as shown in the height image ( Fig. 7(b) ). Steps exhibit dark contrast in FDM (Fig. 7(c) ) and bright contrast in SRM ( Fig. 7(d) ). Examples of joining of steps are also detected as marked by circles in Fig. 7 (e). The length of step is in the range from about 0.5 to 3 mm, the width of step is less than about 0.1 mm, and the step height estimated by the surface roughness is in the range from about 10 to 90 mm ( Fig. 7(d) ). The spacing between steps is in the range from about 0.1 to 0.5 mm. The fracture origin (marked by broken line in Fig. 7(a) ) and the local crack growth directions (for example, indicated by arrows) can also be confirmed from joining of these steps. Figure 8 shows the impact fracture surface (ductile fracture surface) close to the notch, in which the larger value of the fractal dimension of the fracture surface was observed in the specimen impact-fractured at 273 K. The fracture surface is rather complex with convex and concave as a result of extensive plastic deformation (Figs. 8(a) and 8(b) ). Small steps formed by plastic deformation may be masked by the surrounding slip traces in the ductile fracture surface (Fig. 8(e) ). This may make it difficult to detect these steps in conventional (two-dimensional) fractography. Steps similar to quasi-cleavage fracture surface can be seen as dark lines in FDM (Fig. 8(c) ) and as bright lines SRM (Fig. 8(d) ) on the ductile fracture surface.
These steps are associated with local plastic deformation. The length of step is almost the same as in Fig. 7 (in the range from about 0.5 to 3.5 mm). The width of step is somewhat larger (less than about 0.2 mm) and the spacing between steps is also larger (in the range from about 0.2 to 1.0 mm) than those in Fig. 7 , although the step height estimated by the surface roughness is larger (in the range from about 30 to 140 mm) compared with Fig. 7(d) . Therefore, the density of steps is larger in the quasi-cleavage fracture surface than in the ductile fracture surface. Although it is difficult to detect the fracture origin on this fracture surface, the local crack growth directions ( Fig. 8(a) ) can be known to some extent from joining of the steps (for example, marked by circles in Fig. 8(e) ) also in this case. Thus, the small steps can be detected by the present analysis using FDM and SRM.
Analysis of Fracture Process at High Magnification
The quasi-cleavage fracture surface and the ductile fracture surface have almost the same value of the fractal dimension (about 2.20) in the SS400 steel. Large value of the fractal dimension in the quasi-cleavage fracture surface may be associated with shear steps between facets and river patterns of various sizes (Fig. 3(b) ). 12, 13, 28) Figure 9 shows the central part of quasi-cleavage fracture surface of SS400 steel (194 K). As known from river patterns, the crack has grown in the direction indicated by an arrow in Fig. 9(a) . The fracture surface seems rather complicated even at high magnifications (Figs. 9(a) and 9(b) ). River patterns are micro steps, which exhibit dark contrast in FDM (Fig. 9(c) ) and bright contrast in SRM ( Fig. 9(d) ). The crack growth direction can be confirmed from the joining of the river patterns (for example, marked by circles in Fig. 9(e) ). The length of river pattern is in the range from about 2 to 10 mm, the width of river pattern is about 0.05 to 0.5 mm, and the height of river pattern estimated by the surface roughness is in the range from about 0.05 to 0.5 mm (Fig.  9(d) ). The spacing between river patterns is in the range from about 0.2 to 2 mm (Fig. 9(e) ). Figure 10 shows the central part of ductile fracture surface of SS400 steel (273 K). The fracture surface is characterized by joining of dimple walls and shear steps (Figs. 10(a) and 10(b) ). The length of step is similar to that of river pattern (in the range from about 1 to 10 mm) and the step height estimated by the surface roughness (in the range from 0.08 to 0.5 mm) is almost the same as that of the river pattern in Fig. 9 . However, the width of step (in the range from about 0.1 to 1 mm) is larger than that of river pattern. The spacing between steps (in the range from about 0.5 to 3 mm) are also larger than the spacing between river patterns ( Fig. 9(e) ), as shown in Fig. 10(e) . Thus, it is confirmed that the density of steps is larger than in the quasi-cleavage fracture surface than in the ductile fracture surface at high magnification. Slip traces are also shown by broken lines in Fig. 10(e) .
Steps on the ductile fracture surface and on the quasi-cleavage fracture surface are formed by common mechanism, namely, by plastic deformation (shear deformation). It is easy to observe shear steps in the quasi-cleavage fracture surface with a scanning electron microscope, which are formed as a result of linkage of cracks growing on cleavage planes by shear deformation (for example, Figs. 3 and 9) . However, it is difficult by conventional methods to reveal shear steps on the ductile fracture surface, because these steps may be masked by the surrounding slip traces (slip steps) owing to extensive plastic deformation (Figs. 8(e) and 10(e)). In this study, steps of various sizes on the ductile fracture surface were detected by the geometrical analysis using FDM and SRM, which examined the local variation of the fractal dimension and the surface roughness on the fracture surface. Figure 10 (e) shows examples of dimple walls, slip traces, fine steps and their joining (for example, indicated by circles). Local crack growth directions, which are analyzed from joining of steps, are rather complicated but seem to converge to the middle part of the fracture surface (for example, indicated by arrows in Fig.  10(a) ). As shown in Fig. 10(b) , the highest region is located in the middle part of the fracture surface. Therefore, this highest region may be the finally ruptured part in this image, although the details of the whole fracture process in the specimen are yet to be examined. Thus, there is a difference in the density and spatial distribution of steps between quasi-cleavage fracture surface and ductile fracture surface in the SS400 steels. Figure 11 shows the relationship between the local values of the fractal dimension of the fracture surface and those of the surface roughness obtained using FDM and SRM on the fracture surface of the SS400 steel. Although further study is required for the rigorous definition of steps, it is assumed in this study that steps have the value of the fractal dimension equal to or smaller than 2.10. The proportion of large steps is defined by the ratio of the number of small regions (8ϫ8 in pixel), which have the fractal dimension equal to or smaller than 2.10 and the surface roughness equal to or larger than 0.25 mm, to the number of all regions (9 000). The proportion of large steps was examined on both quasi-cleavage fracture surface and ductile fracture surface. The proportion of large steps is 5.3 % for the quasicleavage fracture surface ( Fig. 11(a) ) and 2.0 % for the ductile fracture surface with dimples ( Fig. 11(b) ). These steps are painted in color on the SRM (Figs. 11(c) and 11(d) ). The density of steps seems to be larger on the quasi-cleavage fracture surface (Fig. 11(c) ) compared with the ductile fracture surface (Fig. 11(d) ). The steps may lead to the large fractal dimension of the quasi-cleavage fracture surface comparable with the ductile fracture surface with dimples, although the surface roughness of the quasi-cleavage fracture surface is much smaller than that of the ductile fracture surface. Geometrical analysis using FDM and SRM does not depend on the size of analyzed object, and therefore, is applicable to various objects in wide scale ranges from the fracture surfaces of materials of micron or sub micron order to the surface topography of asteroids, planets or satellite of meter or kilometer order. Akiyama et al. 31) proposed the application of the geometrical analysis with FDM and SRM to the surface topography of small bodies such as asteroid.
Conclusions
Three-dimensional geometrical analysis was applied to the quantitative evaluation of impact fracture surfaces of the SS400 steel formed in the temperature range from 194 K (Ϫ79°C) to 273 K (0°C). Discussion was made on the relationship between the absorbed energy and the fractal dimension and the surface roughness of the fracture surface. Further, the characteristic fracture patterns were extracted by the fractal dimension map (FDM) and the surface roughness map (SRM) on the representative impact fracture surfaces in order to investigate the fracture process in the impact-fractured specimens. The results obtained are summarized as follows.
(1) The specimen impact-fractured at 194 K exhibited a quasi-cleavage fracture surface with river patterns and steps between facets, while the fracture surface formed at 273 K was a ductile fracture surface with dimples. The specimens fractured at temperatures between 194 K and 273 K exhibited a mixed mode of quasi-cleavage fracture and ductile fracture. The fractal dimension of the fracture surface or the surface roughness generally did not exhibit the maximum value in the region close to the notch root (fracture initiation site), while the fractal dimension slightly increased and the surface roughness decreased with increasing distance from notch root in the quasi-cleavage fracture surface. It was also found that the region of the maximum fractal dimension did not always have the maximum value of the surface roughness.
(2) In the region close to the fracture initiation site, both surface roughness and absorbed energy increase with increasing test temperature, namely, with the change in the fracture mode from quasi-cleavage fracture to ductile fracture, because the proportion of ductile fracture surface increases with increasing test temperature. Extensive plastic deformation in ductile fracture leads to the formation of dimples and shear steps which result in the larger surface roughness and the larger absorbed energy compared with quasi-cleavage fracture. A definite correlation was not found between the absorbed energy and the fractal dimension of the fracture surface on the region close to the notch root (fracture initiation site). This was ascribed to the fact that the fractal dimension of the quasi-cleavage fracture surface and that of the ductile fracture surface were almost the same (about 2.20) in the SS400 steel. (3) Characteristic fracture patterns such as steps of various sizes on the quasi-cleavage fracture surface and the ductile fracture surface could be detected in the region close to the fracture initiation site by geometrical analysis using the fractal dimension map (FDM) and the surface roughness map (SRM) even at low magnifications. Steps on both fracture surfaces were formed by common mechanism, namely, by plastic deformation (shear deformation). Local crack growth directions or fracture origin could be known by joining of steps in FDM and SRM in both quasicleavage fracture surface and ductile fracture surface, although it was difficult by conventional methods to reveal shear steps on the ductile fracture surface, because these steps could be masked by the surrounding slip traces (slip steps).
(4) The fractal dimension of the fracture surface was not a unique index for characterizing the fracture surface patterns in the SS400 steel. Therefore, fracture process including fracture initiation, local crack growth or finally fractured part was examined using FDM and SRM by the detection of steps of various sizes, which were associated with river patterns or fracture at ferrite grain boundaries in the quasi-cleavage fracture surface or dimple walls and shear steps in the ductile fracture. The density of steps was larger on the quasi-cleavage fracture surface than on the ductile fracture surface. These steps led to a large fractal dimension of the quasi-cleavage fracture surface comparable with the ductile fracture surface with dimples.
